Abstract: Novel dicyanoisophorone derivative, (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile, is synthesized and its structure elucidated by means of conventional and linear polarized IR-spectroscopy of oriented colloids in nematic host, 
Introduction
Organic non-linear optical (NLO) compounds have been intensively studied in recent years because of their potential application in telecommunications and optical information processes [1] [2] [3] . A series of dicyanoisophorones have been synthesized and their structures determined by single crystal X-ray diffraction by Kolev and co-authors [4] [5] [6] [7] [8] [9] [10] [11] ; previous studies by Lemke [12] , Desai and co-authors [13] and detailed Raman studies [14] of these compounds served as a base for the research. The experimental and computational studies of the vibrational spectra of differently substituted dicyanoisophorones have been reported as well [15] [16] [17] [18] . Expected NLO properties of anionic 3-dicyanomethylen-5,5-dimethyl-1-[2-(4-hydroxyphenyl)ethenyl)]cyclohexene have been proved [18] . In protic solvents the stabilization of quinolide form resulted in a 130 nm solvatochromic effect depending on the solvent polarity and b 2.5 times higher than the value reported for a corresponding neutral form. Nano-sized effects on the output of second order susceptriblitiers has been manifested by SHG experiments [18] . 2-[3-(2-{4-[(2-Hydroxyethyl) methylamino]phenyl}vinyl)-5,5-dimethylcyclohex-2-enylidene]malononitrile has been reported as a new red shift fluorescent material [19] . For these reasons we are presenting here spectroscopic properties and structure elucidation of a new dicyanoisophorone derivative, (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene) malononitrile, (Scheme 1) both in solution and solidstate. Conventional and linear-polarized IR-spectroscopy of oriented colloids in nematic host, UV-VIS, 1 H and 13 C-NMR, HPLC tandem MS-MS mass spectrometry as well as thermal methods are used for spectroscopic characterization of a newly synthesized compound. Quantum ab initio and DFT chemical calculations are carried out in order to obtain the electronic structure and optical properties of the compound both in ground and exited state. The tuning of their optical properties and ability to crystallize noncentrosymmetricly are important in developing of new materials with NLO properties in solution and in bulk. The use of amino (NH 2 ) group as a substituent allows for different hydrogen bonding, one of the most commonly used strategies in developing of new materials that crystallize in noncentrosymmetric space group. On the other hand its basic properties caused a CT effect in these systems leading to a latent solvatochromic effect, depending on the solvent polarity.
Experimental Procedures

Materials and methods
Conventional and polarized IR-LD spectra were recorded on a Thermo Nicolet 7000 FTIR-spectrometer equipped with a Perkin Elmer wire-grid polarizer (4000 cm -1 to 400 cm -1 range, 150 scans and 1 cm -1 resolution). A 4-cyano-4'-alkylbicyclohexyl mixture (ZLI-1695, Merck) was used as orientation host, applying the technique, colloid suspension in nematic liquid crystal [20] [21] [22] [23] . The elemental analysis was performed according to the classical methods: C and H as CO 2 and H 2 O, N -through the Duma's method, chlorine -by titration with Hg(NO 3 ) 2 after a wet digestion of the sample.
The thermogravimetric (TGV) analysis was performed using Perkin-Elmer TGS2 apparatus. The EP data were obtained in X-band on Bruker ER 420 spectrometer. The calorimetric (DSC) analysis was performed on DSC-2C Perkin Elmer in argon.
The UV-spectra (1 cm quarz cell and concentration range within 1.0 × 10 -5 to 2. Quantum chemical calculations were performed using GAUSSIAN 98 and Dalton 2.0 program packages [24, 25] . The visualization was done using ChemCraft program [26] . Geometry was optimized at two levels of theory: Restricted Hartree-Fock (RHF) and density functional theory (DFT) using 6-311++G** basis set. In the second case B3LYP method, which combines Becke's three-parameter non-local exchange functional with the correlation function of Lee, Yang and Parr, was applied. Molecular geometries of the studied species were fully optimized by the force gradient method using Bernys' algorithm. For every structure the stationary points found on the molecule potential energy hypersurphases were characterized using standard analytical harmonic vibrational analysis. Absence of the imaginary frequencies and negative eigenvalues of the second-derivative matrix confirmed that the stationary points corresponded to minima of the potential energy hyper surfaces. The calculation of vibrational frequencies and calcilation of infrared intensities were compared to the experimentl data to find out which one fits best.
The B3LYP DFT method encompasses consideration of electron correlation effects and produces frequencies that are much closer to the experiment, compared to the HF method. In our case the calculated deviations were about 5 cm -1 (B3LYP) and 9 cm -1 (HF). B3LYP/6-31G* data are presented for the modes discussed above. A modification of the results, using the empirical scaling factor 0.9614, was made. In the case of HF calculations the scaling factor of 0.8929 was used. The solvent effect on the absorption bands were studied by TD [27] DFT level of theory with a combination of polarized continuum model (PCM) [28] [29] [30] . Novel organic material with potential NLO application -electronic and spectroscopic properties
Synthesis
The compound, (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile, was synthesized according to the scheme shown below (Scheme 2): Solid sodium dithionite (0.157 g, 0.9 mmol) was added to a solution of 0.048 g (0.15 mmol) (E)-2-(5,5-dimethyl-3-(4-nitrostyryl)cyclohex-2-enylidene) malononitrile in 3 mL THF/H 2 O (2:1). The reaction mixture was stirred for 15 min at room temperature and 5 mL water was added. The mixture was extracted with CH 2 Cl 2 /THF = 5:1 (5 × 20 mL), the organic layer was dried and the solvent evaporated. The residue (TLC: one spot) was purified by column chromatography (hexane/ acetone = 4:1). Yield of (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile 0.038 g (88% cation with a molecular weigth of 289.39. TGV and DSC analysis in the range of 300 -500K showed that no solvent was present in the obtained compound.
Results and Discussion
Geometry and orbitals
The compound studied is a conjugated organic molecule, with most of the atoms located in a one plane. The maximal deviation of the total planarity of 1.0 (7) o is observed (Scheme 3). The C(CH 3 ) 2 atoms lie at the angle of 23.5 o and 23.7 o out of the plane. The geometry parameters of B3LYP/6-31++G** and HF/6-31++G** are compared (Scheme 3). The structural agreement between both theoretical methods is very good and the obtained difference is less then 0.0031 Å and 0.1 (2) o , respectively.
The obtained theoretical data correlated well with the experimental crystallographic data of the known three derivatives of the studied malononitrile with N(R) 2 substituents (R = CH 2 or CH 2 CH 3 ) on the benzene ring. Differences between the values for our structure and those for 2-(3-(2-(4-dimethylaminophenyl) v i n y l ) -5 , 5 -d i m e t h y l c y c l o h e x -2 -e n y l i d e n e ) malononitrile (CCDC YEPRIV and YEPQUG [31, 32] ), 2-(3-(2-(4-dimethylaminonaphthyl)vinyl)-5,5-dimethylcyclohex-2-enylidene)malonitrile (CCDC HEPJIW [33] ) and 2-(3-(2-(4-diethylaminophenyl)vinyl)-5,5-dimethylcyclohex-2-enylidene)malonitrile (CCDC HEPJAO [33] ) are less then 0.021 Å and 2. (3) o . The significant correlation in the values of dihedral angles is observed between the experimental data and our theoretical data. If we define the torsion angles t 1 , t 2 (NC-C-C-C), t 3 (N)C-C-C-C, t 4 (CH=CH-C-C(Ph) and t 5 (CH=C-C-C(CH 3 ) 2 ) (see Scheme 1) the obtained values are less than 6.3 (9) o , (Fig. 1) . The distribution of the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals for the ground state is ilustrated in Scheme 4. Nearly all of the MOs are substantially localized on the conjugated plane, with only small contributions to the groups out of the plane. These data are similar to the previously reported for 2-[3-(2-{4-[(2-hydroxyethyl)methylamino] phenyl}vinyl)-5,5-dimethylcyclohex-2-enylidene] malononitrile [19] . 
Novel organic material with potential NLO application -electronic and spectroscopic properties
For the detailed investigation of the geometry changes associated with the electronic excitatation state, the lowest singlet excited state, the geometry of the compound studied is optimized at the CIS/6-31++G** level of theory for the comparison with the data for the ground state optimized at HF/6-31++G**. Similar approach has been previously used [19] . The data indicate that the structural shift is predominantly localized on the conjugated plane and that the groups out of the plane do not change significantly. The distribution for the HOMO and LUMO for the lowest singlet exited state shows a strong optical emission.
Electronic spectra
The UV-Vis spectra of the studied compound in various solvents are depicted in Fig. 2 . The observed 105 nm solvatochromic effect of the compound depending on the type of the solvent used proves its NLO properties in solution. The TDDFT method and PCM are used to simulate the absorption spectra of the molecule and studying the solvent effects (Table 1 ). In general, the theoretical study of latter effect in the spectroscopic properties of OLED materials is scarce in spite of the fact that all of the experimental measurements were conducted in solutions [34] . In our case the comparison between the theoretical and the experimental data shows an excellent correlation between the theory and the experiments; differences of 3-5 nm are observed depending on the solvent used. It has been found that the solvent polarity does not affect the solvatochromism in a significant way, leading to the conclusion of nonspecific solute-solvent interactions.
Conventional and linear polarized IRspectroscopic data
The IR-spectroscopic assignment of the studied compound was carried out by a comparison between the experimentally recorded IR-bands and the theoretical vibrational analysis in gas phase. The assignment is summarized in Table 2 . Like in the case of electronic spectra, the theoretical and experimentally recorded IR-characteristic bands in solution correlated well and a difference of 5 cm -1 was observed for the IR-bands corresponding to molecular motions of groups, which do not participate in the intermolecular interactions.
The comparison of the IR-spectra recorded in solution and in solid state show a significant difference in positions of the IR-bands that indicate the molecular vibrations of groups participating in intermolecular interactions. As can be seen the n as NH2
and n s NH2
are shifted towards lower frequencies in solid-state, in contrast to d NH2 mode, with IR-band, which is shifted towards higher frequencies. In parallel the n CN band is shifted towards lower frequencies by about 4 cm -1 in the spectrum in Fig. 3 (2) . These results lead us to propose a formation of an intermolecular HNH…NC hydrogen bond in solid state. This conclusion is supported additionally by the observed shifting towards higher frequencies of the ω NH2 in solid phase. The experimental assignment of the IR-characteristics in solid-state is supported by the IR-LD analysis of the samples oriented as colloid suspensions in nematic host. The disappearance of the band at 3380 cm -1 and 1710 cm -1 at equal dichroic ratio proves their origin in the n as NH2
and d NH2 motions, as far as in the frame of one NH 2 -structural fragments both the transition moments are co-linear oriented. Additionally, all of the out-of-plane maxima typical for differently substituted double bonds disappeared at equal dichroic ratio in the IR spectrum of the studied compound, proving the fully planar geometry of the conjugated system (Fig. 1) . Similar results were obtained for the other previously studied malononitriles [16] [17] [18] . 
3.4.
H-COSY NMR data
The assignment of the corresponding nuclear magnetic resonance chemical shifts depicted in Fig. 4 is carried out using the atom numbering scheme shown in same figure. 
Conclusions
Synthesis, spectroscopic properties and structure of (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene) malononitrile, a novel derivative of dicyanoisophorone with potential NLO application, are described. Conventional and linear polarized IR-spectroscopy of Table 2 . Selected IR-characteristic bands of (E)-2-(3-(4-aminostyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile.
Novel organic material with potential NLO application -electronic and spectroscopic properties oriented colloids in nematic host, 1 H, 13 C, 1 H, 1 H-COSY NMR, HPLC tandem ESI MS-MS spectrometry, UV-VIS and thermal methods were used to determine the structure of the compound. Electronic structure and optical properties, both in ground and in exited state, were obtained theoretically using ab initio and DFT level of theory at 6-31++G** basis set. The geometry of the exited state was obtained on CIS/6-31++G**. The influence of the solvent on the absorption bands, depending on the solvent type, was studied on TDDFT level of theory and PCM. Vibrational properties were elucidated by means of HF and DFT(B3LYP) level of approximation and above-mentioned basis set. 
